Oxazolidinone-resistant mutants of Staphylococcus aureus, isolated with a spiral plating technique, had a 16-fold higher MIC (2 versus 32 g/ml) of eperezolid when compared to the parental sensitive strain. Eperezolid inhibited in vitro protein translation with 50% inhibitory concentrations of 30 M for the oxazolidinone-sensitive S30 extract and 75 M for the resistant extract. Experiments mixing various combinations of S100 and crude ribosome preparations from oxazolidinone-sensitive and -resistant S. aureus strains in a transcriptiontranslation assay demonstrated that the resistant determinant resided within the ribosomal fraction. Ribosomes from the oxazolidinone-resistant strain bound less drug than ribosomes from the sensitive strain, indicating that the ribosome is the site of action for the oxazolidinones. These experiments demonstrate that an alteration of the ribosome is responsible for some or all of the oxazolidinone resistance observed in the S. aureus mutant.
Oxazolidinones represent a new class of antimicrobial compounds that act by inhibiting protein synthesis (1, 2, 4-6, 8, 9, 14, 16a) . They are potent antibacterial agents active against a wide variety of gram-positive organisms, including methicillinresistant staphylococci, and show no cross-resistance with other antibiotics (1, 3, 4, 7, 17, 21) . Previous studies have demonstrated that oxazolidinones bind to the 50S ribosomal subunit (12) . Using extracts prepared from a stable, oxazolidinone-resistant Staphylococcus aureus mutant, we have examined the ribosomal and S100 fractions to determine the biochemical basis of oxazolidinone resistance and ascertain the mechanism of action.
An eperezolid-resistant mutant of S. aureus ATCC 29213 was generated by serial passage on a spiral drug gradient by methods previously described (21) . The resulting isolate was the product of 20 serial transfers over a 7-week period. API STAPH Trac panels were used to confirm the identities of the initial and final isolates. Antibiotic susceptibilities of the initial and final isolates were determined for eperezolid and 21 reference antibiotics by a broth microdilution method previously described (15) . The MIC of eperezolid increased from 2 g/ml for the initial isolate to 32 g/ml for the final isolate (S. aureus SA31593) derived from 20 transfers through eperezolid ( Table  1) . The eperezolid-resistant isolate demonstrated a slight decrease in sensitivity (fourfold) to clindamycin and chloramphenicol and an eightfold decrease in susceptibility to lincomycin. No change in susceptibility to the other antibiotics tested, including several other protein synthesis inhibitors, was evident. We have previously shown that lincomycin, clindamycin, and chloramphenicol can compete with the binding of oxazolidinones to ribosomes (12) . S30 extracts were isolated from oxazolidinone-sensitive (Oxa s ) S. aureus (SA31552, ATCC 29213) and from the oxazolidinoneresistant (Oxa r ) strain SA31593 according to a previously published procedure (13) . The S. aureus in vitro transcription-translation (TT) assay was performed with the plasmid pSK265 as previously described (13) . A total of 10 l out of a 50 l TT reaction volume was used to generate trichloroacetic acid (TCA)-precipitable counts. The remainder of the reaction mixture was extracted for protein gel electrophoretic analysis. The amount of translation reaction loaded onto polyacrylamide gels for analysis was normalized by using TCA-precipitable radioactive counts. In order to determine the effect of eperezolid on S. aureus TT, reactions containing S30 extracts from SA31552 (Oxa S ) and S. aureus SA31593 (Oxa r ) in the modified in vitro S. aureus TT assay were treated with increasing concentrations of the drug. Figure 1 shows the effect of eperezolid on total [
35 S]methionine incorporation and demonstrates a dose-dependent loss in translation activity for both the SA31552 (Oxa s ) and the SA31593 (Oxa r ) extracts with increasing drug concentrations. At the highest eperezolid concentration tested (300 M), the sensitive extract retained only ϳ5% of the activity of the untreated extracts while the resistant extract retained ϳ25% of the activity of the untreated extracts. Higher concentrations of the drug were needed to effect a decrease in SA31593 (Oxa r ) S30 extract activity ( Fig. 1 ) similar to that achieved with the sensitive strain. Based on these data, the 50% inhibitory concentrations for SA31552 (Oxa s ) and SA31593 (Oxa r ) extracts were 30 and 75 M, respectively. Protein extracts of the above reactions were subjected to electrophoresis on sodium dodecyl sulfate-15% polyacrylamide gels (10) to show the effect of eperezolid on TT of specific protein products (data not shown). As the concentration of eperezolid was increased, there was a steady, parallel decrease in the synthesis of the chloramphenicol acetyl transferase gene from the S. aureus plasmid pSK265 with either the SA31552 (Oxa s ) or the SA31593 (Oxa r ) S30 extract. However, higher concentrations of eperezolid were needed to show a similar decrease in the amount of protein product with the SA31593 (Oxa r ) extract. These results correlated well with the decreased inhibition seen for total [
35 S]methionine incorporation with the resistant-mutant S30 extracts.
In order to pinpoint the cellular component responsible for maintaining resistance in the Oxa r strain, S30 extracts from both SA31552 (Oxa s ) and SA31593 (Oxa r ) were fractionated into an S100 and a crude ribosome fraction. The ribosome pellet was resuspended in ribosome buffer C [10 mM Tris-HCl (pH 7.8), 50 mM NH 4 Cl, 10 mM Mg(CH 3 COO) 2 , 7 mM ␤-mercaptoethanol]. Both the S100 supernatant and the crude ribosome fraction were concentrated in model 3500 molecular weight cutoff dialysis tubing in the presence of polyethylene glycol 8000 powder to a protein concentration of Ͼ10 mg/ml and a ribosome concentration of Ͼ100 A 260 units/ml, respectively. Mixing experiments were performed by modifying the S. aureus TT assay to include the S100 and crude ribosome preparations in place of the S. aureus S30 extract. A total of 55 g of S100 extract and 0.4 A 260 units (10 pmol) of ribosomes from both strains were used in the reactions. Protein amounts were quantified with the bicinchoninic-acid protein assay (18) . Ribosomes and S100 preparations from SA31552 (Oxa s ) and SA31593 (Oxa r ) were mixed in various combinations and treated with increasing eperezolid concentrations in the S. aureus in vitro TT assay, and the two S100s demonstrated similar levels of activity (Fig. 2) . All combinations showed a dose-dependent decrease in activity in the presence of eperezolid, as measured by the incorporation of [
35 S]methionine. However, comparison of the activities conferred by SA31552 (Oxa s ) and SA31593 (Oxa r ) ribosomes in either S100 background revealed significant differences, indicating there was a higher level of activity for the SA31593 (Oxa r ) ribosome 
FIG. 2. Reconstitution of S. aureus
TT in the presence of increasing concentrations of eperezolid (0 to 300 M) with S100 and crude ribosome preparations from SA31552 and SA31593 in the S. aureus in vitro TT assay. Measuring TCA-precipitable [
35 S]methionine incorporation. (A) S100 from the sensitive strain mixed with crude ribosomes from either the sensitive or the resistant strain. F, Oxa s S100, Oxa r ribosomes; ᮀ, Oxa s S100, Oxa s ribosomes. (B) S100 from the resistant strain mixed with crude ribosomes from either the sensitive or resistant strain. , Oxa r S100, Oxa r ribosomes; {, Oxa r S100, Oxa s ribosomes.
preparation at any given concentration. This suggests that the resistant phenotype in the oxazolidinone-resistant mutant results, at least partially, from a modification in the ribosome. Since the ribosomal fraction from SA31593 (Oxa r ) appeared to confer oxazolidinone resistance, purified S. aureus ribosomes were tested for their abilities to bind radiolabelled eperezolid. Salt-washed ribosomes were isolated from S. aureus SA31552 (Oxa s ) and SA31593 (Oxa r ) according to the procedure of Stallcup and Rabinowitz (19) and Lelong et al. (11) . Ribosomes were characterized by extracting the rRNA and analyzing it via agarose gel electrophoresis. Salt-washed S. aureus total ribosomes were treated with 10 M [ 14 C]eperezolid and a 300-fold molar excess of cold drug competitor. Increasing amounts of oxazolidinone-sensitive ribosomes resulted in a significant, linear increase in specific binding (Fig. 3) . Although oxazolidinone-resistant ribosomes showed a similar linear increase with increasing ribosome concentrations (Fig. 3) , the overall specific binding was significantly less than that of oxazolidinone-sensitive ribosomes (60%) when the latter were treated under the same conditions of binding. These results suggest that the oxazolidinone-resistant phenotype may be a consequence of decreased binding of the oxazolidinones to a specific site(s) in the ribosome.
Presently, it is unclear what gene(s) is affected in the S. aureus Oxa r mutant strain such that the result is the oxazolidinone-resistant phenotype. The data in this paper suggest that the mutation affects genes involved in ribosomal function or structure. The mutation appears to be stable, because the resistant phenotype is maintained in large-scale culture without any oxazolidinone selection (data not shown). The results showing differential loss of TT activity for Oxa s and Oxa r S30 extracts in the presence of increasing concentrations of oxazolidinones suggest the possible presence of a subpopulation of ribosomes resistant to the drug in the resistant strain. Alternatively, most or all of the ribosomal population may be affected by a mutation which results in a basal level of translation higher than that in the sensitive strain. One possibility for the mutation site is the rRNA genes. In S. aureus, it appears that there are six rRNA gene copies (20) . If one gene had been modified, presumably 15 to 20% of the ribosome population would be resistant. Compatible with this hypothesis is the basal level of translation at higher drug concentrations in the resistant mutant in the TT assay as well as in the mixing experiments. Based on the wealth of data pointing to a role for rRNA in the action of most antibiotics affecting ribosomal function (16) , it is tempting to speculate that the oxazolidinones also interact directly with the rRNA.
In a previous study (12) , we demonstrated that oxazolidinones bind to the 50S ribosomal subunit. However, we did not demonstrate any correlation of the binding with functional inhibition. In this paper, we have isolated an S. aureus mutant which has increased resistance to oxazolidinones. Ribosomes from the resistant mutant confer resistance to oxazolidinone inhibition in an in vitro translation assay. In addition, ribosomes from the resistant mutant bind less radiolabelled eperezolid than ribosomes from the sensitive strain. The experiments described in this paper demonstrate that the oxazolidinones inhibit protein synthesis by direct interaction with the ribosome and that a modification of the ribosome is at least partially responsible for the resistance to eperezolid seen in the oxazolidinone-resistant mutant. This does not rule out other resistance mechanisms, but it clearly demonstrates that the binding of oxazolidinones to the ribosome results in translation inhibition and that a decreased binding of oxazolidinones with the ribosome results in a reduction in translation inhibition. 
